Abstract While the expression of the C-C chemokine ligand 2 (CCL2) in the central nervous system (CNS) is associated with numerous neuroinflammatory conditions, the critical cellular sources of this chemokine, which is responsible for disease processes-as well as associated pathogenic mechanisms, remain unresolved. As the potential for anti-CCL2 therapeutics in treating neuroinflammatory disease is likely to be contingent upon effective drug delivery to the source(s) and/or target(s) of CCL2 action in the CNS, tools to highlight the course of CCL2 action during neuroinflammation are imperative. In response to this need, we used the Cre/loxP and FLP-FRT recombination system to develop the first two, cell-conditional CCL2 knockout mice-separately targeting CCL2 gene elimination to astrocytes and endothelial cells, both of which have been considered to play crucial though undefined roles in neuroinflammatory disease. Specifically, mice containing a floxed CCL2 allele were intercrossed with GFAP-Cre or Tie2-Cre transgenic mice to generate mice with CCL2-deficient astrocytes (astrocyte KO) or endothelial cells (endothelial KO), respectively. Polymerase chain reaction, reverse transcription polymerase chain reaction/quantitative reverse transcriptase polymerase chain reaction, and enzyme-linked immunosorbent assay of CCL2 gene, RNA, and protein, respectively, from cultured astrocytes and brain microvascular endothelial cells (BMEC) established the efficiency and specificity of the CCL2 gene deletions and a CCL2 null phenotype in these CNS cells.
Introduction
From its earliest descriptions nearly two decades ago, C-C chemokine ligand 2 (CCL2; formerly called monocyte chemoattractant protein, MCP-1) was heralded as a critical factor in inflammation (Leonard and Yoshimura 1990; Kunkel et al. 1991; Rollins 1991) . Soon thereafter, CCL2 was recognized to be elevated in the central nervous system (CNS) in association with a myriad of neuroinflammatory conditions of diverse etiologies (Hulkower et al. 1993; Ransohoff et al. 1993; Wang and Feuerstein 1995; Kim 1996; Glabinski et al. 1996; Berman et al. 1996; Larhtz et al. 1998) . In light of its clear chemotactic properties towardthe blood-brain barrier (BBB) (Hulkower et al. 1993; Ransohoff et al. 1993) . And such opinion is further bolstered by reports showing that mice with global knockout (KO) of CCL2, as well as wild-type (WT) mice treated with anti-CCL2 antibodies, are refractory to experimentally induced neuroinflammatory disease and correspondingly exhibit greatly reduced inflammatory infiltrates (Huang et al. 2001; Karpus et al. 2003) .
Perivascular astrocytes have been shown to be the most common and prominent CNS source of CCL2 in various neuroinflammatory conditions, notable among these being multiple sclerosis and its animal model experimental autoimmune encephalomyelitis (EAE) (Hulkower et al. 1993; Glabinski et al. 1995; McManus et al. 1998; Simpson et al. 1998 ; Van der Voorn et al. 1999 ), viral encephalotides (So et al. 2006; Peterson et al. 2004 ), brain ischemia (Sakurai-Yamashita et al. 2006) , and neurotrauma (Glabinski et al. 1996; Babcock et al. 2003) . And therein lay the conundrum regarding the actual role of CCL2 in promoting CNS inflammatory disease: How could this chemokine-a protein that is hydrophilic and approximately 8.7 kDa in native molecular weight (Leonard and Yoshimura 1990 )-come to interact with blood-borne leukocytes, from which it is physically separated by the highly impervious BBB? To put this issue in stark perspective, the BBB typically limits effective diffusion into the CNS to lipophilic molecules less than 600 Da in size (Pardridge 2005) .
Such a paradox leads us to postulate that parenchymally derived CCL2 is likely to interact with the CNS microvascular endothelium, a major constituent of the BBB, in ways that would allow the chemokine to breach this obstacle. Using cultured brain microvascular endothelial cells, this laboratory provided two lines of evidence to support this hypothesis. On the one hand, CCL2 was demonstrated to cause diminished expression and altered subcellular localization of tight junction-and adherens junction-associated proteins ZO-1 and occludin, and β-catenin and VEcadherin, respectively (Song and Pachter 2004; Song et al. 2007 ). Such actions were further shown to culminate in heightened transcellular permeability of CCL2 (Ge et al. 2008) , a feature that could conceivably lend towards establishing transendothelial chemokine gradients. On the other hand, CCL2 was also shown to undergo transcellular transport across BMEC from the abluminal to the luminal surface-possibly within caveolae (Ge et al. 2008 ). This latter property could possibly reflect CCL2's function as an arrest chemokine (Gerszten et al. 1999; dos Santos et al. 2005) , promoting heightened adhesion of leukocytes to the microvascular endothelium as a prelude to their diapedesis into the CNS.
Notwithstanding the numerous in vitro observations of CCL2 action, the in vivo situation during neuroinflammation offers far more complexity than can be modeled in culture. And while CCL2 transgenic, overexpressing mice have significantly added to our understanding of the seminal participation of this chemokine in neuroinflammatory events (Fuentes et al. 1995; Huang et al. 2002 Huang et al. , 2005 Bennett et al. 2003; Elhofy et al. 2005; Yamamoto et al. 2005; Menetski et al. 2007 ), the precise mechanisms and venues in vivo by which CCL2 promotes leukocyte accumulation in the CNS, as well as associated inflammatory damage, have continued to escape resolution. In part, this may be due to transgenic overexpression being directed to cell types other than those known to express CCL2 during neuroinflammation (Fuentes et al. 1995) . Another reason may be that chronic overexpression of this chemokine-even in appropriately targeted cells-results in desensitized effects. Indeed, as the expression of CCL2 is typically given only to paroxysms in the CNS (Dawson et al. 2003 ) and the cognate CCL2 receptor, CCR2, is subject to downmodulation upon chronic exposure to this chemokine (Andjelkovic and Pachter 2000; Andjelkovic et al. 2002) , it is not surprising that both transgenic overexpression and global deletion of CCL2 have been described to mitigate inflammation and disease severity in EAE (Huang et al. 2001; Elhofy et al. 2005) . It may further hold that the physiological and pathophysiological actions of CCL2 are determined by the biochemical milieu in both time and space. Without knowledge of the full biological context in which CCL2 is expressed, efforts to discern its mechanism(s) of action in the CNS will necessarily be hampered.
These factors prompted us to take a different tact to begin clarifying the pathways by which CCL2 mediates neuroinflammation. Specifically, CCL2 gene deletion was targeted to two cell types that arguably play a prominent role in CNS inflammatory processes: astrocytes and endothelial cells. Astrocytes were chosen because of their identity as the major source of CCL2 during neuroinflammation (Hulkower et al. 1993; Glabinski et al. 1995 Glabinski et al. , 1996 McManus et al. 1998; Simpson et al. 1998 ; Van der Voorn et al. 1999; Babcock et al. 2003; So et al. 2006; Peterson et al. 2004; Sakurai-Yamashita et al. 2006 ) and the intimate relationship of terminal astrocyte foot processes with the CNS microvasculature (Abbott 2006) . And endothelial cells were selected as BMEC have been widely described as upregulating the expression of CCL2 in culture in response to a variety of inflammatory mediators (Crane et al. 2000; Zhang et al. 2000; Prat et al. 2002; Harkness et al. 2003; Sequin et al. 2003; Omari et al. 2004) , as well as in vivo during some neuroinflammatory conditions Adamus et al. 1997; Fujioka et al. 1999; Toborek et al. 2003) . Importantly, as global elimination of CCL2 has underscored the preeminent, nonredundant role of this chemokine in several neuroinflammatory conditions (Huang et al. 2001; Hughes et al. 2002; Rankine et al. 2006) , these cell-conditional knockout mice are apt to reveal indispensable pathways of CCL2 involved in disease pathogenesis.
Herein, we describe the first two, cell-conditional chemokine KO mice and present in vitro and in vivo evidence that independent elimination of the CCL2 gene from astrocytes and endothelial cells in two separate mouse lines was both selective and efficient.
Materials and Methods
Mice GFAP-Cre [FVB-Tg(GFAP-cre)25Mes/J], Tie2-Cre [B6. Cg-Tg(Tek-cre)12Flv/J], and Rosa-FLP1 [129 S4/SvJaeSor-Gt(ROSA)26Sortm1(FLP1)Dym/J] mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). All animal studies were performed, and CO 2 -mediated euthanasia carried out, according to the Animal Care and Guidelines of the University of Connecticut Health Center (Animal Welfare Assurance #A3471-01). Mice engineered in this study were backcrossed onto the (C57BL/6) genetic background for at least nine generations.
Generation of CCL2 Floxed Mice
To generate the conditional CCL2 KOs, we utilized the Cre/loxP and FLP-FRT recombination system. CCL2 is encoded by three exons and spans ∼4.5 kb on chromosome 11. To construct the targeting vector, C57BL/6 BAC clones (RP23-460K4) containing the CCL2 gene were obtained from BAC resources. A 10-kb fragment was retrieved from the BAC to a plasmid vector. A loxP site was inserted 2,430 bp upstream of exon 1 and an FRT-PGK-neo-FRTloxP cassette from PL452 plasmid was inserted 190 bp downstream of exon 3, resulting in a floxed 4,501-bp fragment containing the complete CCL2 gene (Fig. 1) . The targeting vector was linearized and electroporated into the 129/C57BL/6 F1 hybrid ES cell line (generated in the Gene Targeting and Transgenic Facility, University of Connecticut Health Center). Neo-resistant ES cell clones were screened for 3′ and 5′ homologous recombination by using the nested polymerase chain reaction (PCR) pairs Scr1/Scr4, Scr2/Scr3 and Scr5/Scr7, Scr6/Scr8, respectively. The antisense primers Scr1 and Scr2 are located in the 3′ untranslated region of the CCL2 gene but not present in the construct, and the sense primers Scr3 and Scr4 are located in the neo cassette within the construct (Figs. 1 and 2a). These primer pairs yield a 3,013-bp band as a result of 3′ recombination. The sense primers Scr5 and Scr6 are located in the 5′ untranslated region of the CCL2 gene but outside the targeting construct, and the antisense primers Scr7 and Scr8 are located downstream of the first loxP site within the construct. These primer pairs yield a 2,992-bp band as a result of 5′ recombination. Two CCL2 loxP-neo/+ (1E5 and 1F7) ES cell clones were expanded and aggregated with CD-1 embryos (Gene Targeting and astrocyte-specific GFAP promoter (Zhuo et al. 2001) or Tie2-Cre transgenic mice expressing Cre under control of the endothelial-specific Tie2 promoter (Koni et al. 2001 (Fig. 1) . Notably, as Tie2 expression has been evidenced by endothelial cells throughout the vascular tree (Thurston et al. 2000; Anghelina et al. 2005; Ohtsuki et al. 2005 ), CCL2 gene deletion should be efficient at all branches of the CNS vasculature.
Genotyping
For mating purposes, genomic DNA was isolated from the tails of 4-to 6-week-old mice, following lysis of tail snips in buffer containing proteinase K, and used for PCR. The primers (5′→3′) for the Tie2-Cre transgene were P5 (GATATCTCACGTACTGACGG) and P6 (TGACCAG AGTCATCCTTAGC), which amplify a 300-bp fragment ( Fig. 2c) , and those for the GFAP-Cre transgene were P7 (ACTCCTTCATAAAGCCCT) and P8 (ATCACTCGTTG CATCGACCG), which amplify a 190-bp fragment (Fig. 2d ). To confirm that the neo was correctly removed and loxPs existed in their recombination sites, two additional primer pairs were used: P1 (AGAGCTCAGACT AGGCCTTT) and P2 (TTCAGTTAGCACAGGAGGCA), which amplify a 390-bp fragment from the WT allele, and one of 300 bp from the mutant allele; and P3 (AGAGT GAATGGCCCACTCTT) and P4 (GTCTGTTCTCC ACTGTCTGA), which amplify a 259-bp fragment from the WT allele, and one of 356 bp from the mutant allele (Fig. 2b) . To identify the homozygous CCL2 loxP/loxP /Tie2-Cre and CCL2 loxP/loxP /GFAP-Cre mice, tail DNA from offspring were analyzed by using varying combinations of primers. For CCL2 loxP/loxP /Tie2-Cre mice, primers P1, P2, P3, P4, P5, and P6 were used to detect the loxP sites and Cre gene; and primers P1, P2, P3, P4, P7, and P8 were similarly employed for the evaluation of CCL2 loxP/loxP / GFAP-Cre mice. To confirm targeted KOs, DNA from cultured endothelial cells and astrocytes were examined by PCR, with P1 and P4 primers used to detect CCL2 gene deletion in each cell type (see below). This primer pair amplifies a 256-bp fragment in the mutant allele, with the WT allele being too large to be detected.
Isolation and Culture of Mouse Astrocytes and Brain Microvascular Endothelial Cells
Genotypes were confirmed by toe snip analysis at postnatal days 4-5, and then cultures were established within 24 h. Brain tissue from mice at postnatal days 5-6 was used as the sole source of astrocytes and BMEC cultures. This narrow postnatal age range was critical, as younger mice did not allow purification of intact microvessels and older mice provided very poor astrocyte yield. Following decapitation, brains were removed and split midsagittally into two hemispheres, with the cerebral cortex from one hemisphere being used for the preparation of astrocytes and the cortex of the other hemisphere for isolation of BMEC.
BMEC were isolated as previously detailed by this laboratory Pachter 2003, 2004) . Primary cultures were typically grown for approximately 5 days prior to subculturing for experiments. At that time, purity was gauged to be ≥98% BMEC, according to diI-acetylated low-density lipoprotein uptake (Song and Pachter 2003) . BMEC also exhibited common endothelial characteristics, e.g., CD31 and vWF immunostaining, plus displayed expression of the tight junction-associated proteins ZO-1 and occludin found enriched at the BBB.
For the preparation of astrocytes, a modified version of the protocol described by Ge and Pachter (2004) was used. Cerebral cortices were first cut into small pieces (∼1 mm), and the minced tissue was then incubated in dissecting medium (Hank's balanced salt solution [Gibco/BRL, Rockville, MD, USA], containing 0.5% glucose, 0.7% sucrose, 20 mM HEPES, pH 7.4.) with 0.03% trypsin at 37°C for 20-30 min. Next, the tissue extract was centrifuged at 1,000×g for 5 min and the pellet was washed and resuspended in plating medium (Earl's modified eagle medium [Gibco/BRL] containing 10% fetal bovine serum, 10% horse serum, 2 mM glutamine, 20 mM D-glucose, 4 mM sodium bicarbonate, 100 µg/mL penicillin, and 100 µg/mL streptomycin). The tissue was mildly triturated to produce a single-cell suspension, and the dissociated cells were plated onto tissue culture flasks (T-12.5 cm 2 ) coated with poly-lysine (BD Biosciences, Bedford, MA, USA). Cultures were maintained up to 1 week in plating medium in a humidified atmosphere (5% CO 2 ) at 37°C. After this time, cultures were shaken at 200 rpm for 2 h at 4°C to dislodge weakly adherent microglia. Cultures were then shaken for an additional 18 h at 37°C to remove the neuronal population. The enriched astrocyte population was further depopulated of remaining microglia by L-leucine methyl ester (LME; Sigma-Aldrich, St. Louis, MO, USA) treatment (Hamby et al. 2004) . LME was dissolved in plating medium prior to being added to cultures at concentrations of 50 mM, and the cells were then incubated at 37°C for 90 min. All LME solutions were adjusted to pH 7.4 and filtered prior to addition to cells. Following LME treatment, monolayers were washed thoroughly with culture medium. Cell purity was determined by immunocytochemistry using a monoclonal antihuman GFAP (Sigma, St. Louis, MO, USA) antibody, and cultures were assessed to be ≥98% astrocytes (GFAP+).
Measurement of CCL2 Protein
For the purpose of measuring CCL2 protein released into the media, astrocytes were exposed to 10 µg/mL lipopolysaccharide (LPS, from Escherichia coli serotype 026:B6; Sigma, Louis, MO, USA) for 6 h at 37°C, while BMEC were unstimulated under these same ambient conditions. After this time, culture media was removed, cells were washed, and further incubated in fresh media without LPS for another 18 h. Culture supernatants were then collected and stored at −80°C until analyzed. CCL2 protein released into the supernatants was determined by a sandwich-type immunoassay kit (BioSource International, Camarillo, CA, USA). Following the removal of the supernatant, cells were washed with cold phosphate-buffered saline, then scraped into lysis buffer containing 10 mM Tris, pH 7.6, 0.14 M NaCl, 1% Triton X-100, 1% deoxycholate, 0.1 % sodium dodecyl sulfate, and protease inhibitors (20 µg/mL aprotinin, 20 µg/ mL leupeptin, and 1 mM phenylmethylsulfony fluoride). Lysates were cleared by centrifugation at 9,000×g for 10 min, and resulting supernatants were assayed for protein concentration by Micro BCA protein assay kit (Pierce, Rockford, IL, USA) using bovine serum albumin as a standard.
Determination of CCL2 mRNA (RT-PCR)
Cells were treated as for protein measurement. Total RNA was extracted from cells using the RNeasy kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. Quantification and purity assessment of the extracted RNA was performed by UV spectrophotometry at 260 and 280 nm. Reverse transcription polymerase chain reaction (RT-PCR) was performed with the RT-PCR One-
Step kit (Qiagen). Primers for CCL2 and β-actin were purchased from BioSource International (Carlsbad, CA, USA). The RT reaction was performed at 50°C for 30 min, and finally, at 95°C for 15 min to inactivate the reverse transcriptase and initiate PCR activation. The PCR amplification was carried out for 28 cycles with the following specifications: denaturation at 94°C for 30 s, annealing at 58°C for 45 s, and extension at 72°C for 1 min, with only the last cycle including an extension step at 72°C for 10 min. The PCR products were analyzed by agarose gel (1.5%) electrophoresis in the presence of 0.5 µg/mL ethidium bromide and visualized and photographed under UV illumination.
Immunohistochemistry-Guided Laser Capture Microdissection
Mice aged 4-6 weeks were injected with LPS (intraperitoneal [i.p.], 4 mg/kg weight). At 4 h post injection, animals were euthanized, the entire brain was removed, snap-frozen in liquid N 2 , and stored at −80°C. Frozen brain tissue was embedded in OCT compound (Miles, IN, USA) and coronal sections were cut at 7 µm thickness. Tissues sections were double-immunostained by immunofluorescence and immunohistochemistry to identify astrocytes and BMEC, respectively, and laser capture microdissection (LCM) was performed on a PixCell IIe microscope (Molecular Devices, Sunnyvale, CA, USA) to selectively retrieve each of these cell types, as recently elaborated by this laboratory (Kinnecom and Pachter 2005; Macdonald et al. 2008) . Tissue was captured onto HS caps (Molecular Devices) and solubilized in 100 µL TRIzol® (Invitrogen, Carlsbad, CA, USA). RNA was isolated from TRIzol® extracts following the manufacturer's instructions and processed for quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) to obtain relative CCL2 mRNA expression level (Macdonald et al. 2008 ).
qRT-PCR
RNA isolated from the TRIzol®-solubilized tissue extract or prepared from cell cultures by the RNeasy kit was treated with Turbo DNAse (Ambion, Austin, TX, USA) according to the protocol provided by the manufacturer. Next, mRNA was then reverse transcribed using the SuperScript III (Invitrogen) standard protocol, slightly modified by changing the extension temperature to 42°C (instead of 50°C) for 60 min. The resulting cDNA was stored at −20°C until use for further analysis.
Measurements of cDNA levels were performed by qRT-PCR using an ABI PRISM 7500 Sequence Detection System Version 1.3, and SYBR green (ABI) fluorescence was used to quantify relative amplicon amount. Separate controls included a no template control and no reverse transcriptase control, and standard curves were constructed for all primers used. Relative amplicon quantification was performed using the formula: (1+E ref ) Ct(ref) /(1+E target ) Ct(target) ×100% where ref is CD31, GFAP, or RPL19; target is the gene of interest; E is the primer pair efficiency; and Ct is the threshold cycle. Duplicates for each gene tested were averaged, after normalization, to the mean CD31, GFAP, and RPL19 expression values.
Results
To initially determine whether there was targeted excision of the CCL2 gene in astrocytes and BMEC, analyses were performed on separate cultures of these cell types derived from mice of the following three genotypes: CCL2 loxP/loxP / GFAP-Cre (astrocyte KO); CCL2 loxP/loxP /Tie2-Cre (endothelial KO); and CCL2 loxP/loxP littermates, serving as WT controls for each KO. PCR analysis of genomic DNA of cultured astrocytes and BMEC derived from these respective lines revealed that the deletion band (256 bp) representing the excised CCL2 gene was present only in astrocytes from astrocyte KO mice and BMEC from endothelial KO mice (Fig. 3a) . Furthermore, presence of the Cre gene was revealed in both KO strains, highlighting that the absence of the deletion band in astrocytes from endothelial KO mice and BMEC from astrocyte KO mice was not due to the absence of Cre (Fig. 3b) . These results underscore that GFAP promoter-driven Cre recombinase activity was present in astrocytes but not in BMEC, while Tie2 promoter-driven Cre recombinase activity was evident in BMEC but not in astrocytes-thus allowing for separate, cell-targeted ablation of the CCL2 gene in the two cell types.
To substantiate that these targeted deletions resulted in CCL2 null phenotypes in both cultured astrocytes and BMEC, CCL2 RNA and protein expression was also analyzed. Under normal conditions, cultured murine astrocytes constitutively express only low levels of CCL2 but respond to LPS stimulation with greatly increased expression of this chemokine (Hayashi et al. 1995) . In contrast, cultured murine BMEC show comparatively high-level CCL2 expression even in the absence of LPS (Ge et al. 2008) . The effects of cell-targeted CCL2 gene deletion on CCL2 phenotype were thus gauged in cultured astrocytes in response to LPS stimulation and in BMEC under resting conditions. RT-PCR showed lack of detectable CCL2 RNA in LPS-stimulated astrocytes from astrocyte KO mice, while astrocytes from both endothelial KO and WT mice clearly displayed CCL2 expression (Fig. 3c, d ). On the other hand, no detectable CCL2 RNA signal was observed in resting BMEC from endothelial KO, but was demonstrably present in BMEC from astrocyte KO and WT mice. qRT-PCR and enzyme-linked immunosorbent assay (ELISA) additionally provided quantitative confirmation of these results for CCL2 RNA and protein, respectively (Fig. 4a, b) . That astrocytes from CCL2 loxP/loxP /WT mice showed identical CCL2 RNA level to astrocytes from endothelial KO mice and BMEC from CCL2 loxP/loxP /WT mice exhibited a CCL2 RNA level mirroring that of BMEC from astrocyte KO mice, underscores that mere floxing of the CCL2 gene was not the cause of the targeted loss of CCL2 expression in both cell types. Together, the DNA, RNA, and protein data underscore that targeted CCL2 gene deletion to astrocytes or BMEC demonstrated efficiency and specificity.
Astrocyte KO and endothelial KO mice were further evaluated for the expression of CCL2 in situ. CNS expression of CCL2 was induced by peripheral LPS injection (i.p.), which has been shown to cause elevated CCL2 expression in the brain within hours (Thibeault et al. 2001; Sun et al. 2008; Qin et al. 2008; Thompson et al. 2008) . At 4 h following LPS injection, astrocytes or BMEC were selectively retrieved from their in situ locales by immunohistochemistry-guided laser capture microdissection (immuno-LCM) and then subject to qRT-PCR analysis of CCL2 RNA levels. The high degree of resolution afforded by immuno-LCM in separately retrieving these two cell types is shown in Fig. 5 , underscoring that, while astrocytes and BMEC are extremely closely apposed, each type of cell can be removed without detectable contamina- Arrowheads point to CD31+BMEC in microvessels, and arrows demarcate GFAP+astrocytic processes. Top figure shows selective capture of astrocyte, while bottom figure shows retrieval of a single microvessel. Before shows tissue section before LCM; after shows the same section following cellular retrieval. The small images to the side show the astrocyte and microvessel, respectively, each deposited onto a cap from which the tissue is extracted and RNA isolated. Notably, the LCM process is highly selective in retrieving the targeted cell types; even the closely apposed astrocyte foot processes are not disturbed upon BMEC/microvessel retrieval (bottom figure) Figure 4 Quantification of CCL2 protein and RNA expression in astrocyte and BMEC cultures from conditional CCL2 KO mice. Cultures were established as in Fig. 4 from CCL2 loxP/loxP /GFAP-Cre (astrocyte KO), CCL2
loxP/loxP /Tie2-Cre (endothelial KO), and CCL2 loxP/loxP (WT littermate) mice. Astrocytes were stimulated with LPS (10 µg/mL, 6 h), while BMEC were unchallenged. a Supernatants were collected from cultures and analyzed for CCL2 protein by ELISA. b Following the removal of the supernatants, cells were processed for RNA and analysis was performed by qRT-PCR (40 cycles). The relative difference in CCL2 RNA levels between KOs and controls was >32-fold in all cases (some CCL2 RNA coming from minor contaminating cells) tion by the other. Of further importance, BMEC were captured from parenchymal microvessels of varied size, thereby fostering representation of the different branches of the microvascular tree.
LCM/qRT-PCR revealed that BMEC from WT and astrocyte KO mice demonstrated strong CCL2 expression in situ in response to LPS, while showing near undetectable constitutive expression (i.e., no LPS) in these animals (Fig. 6) . In comparison, BMEC of endothelial KO mice in our study showed a barely detectable CCL2 RNA level at any time, and that following LPS injection was <3% that of either astrocyte KO or WT mice. Thus, just as in culture, BMEC in situ demonstrated a null CCL2 phenotype only in endothelial KO mice, reflecting the efficiency and specificity of the conditional, gene-targeting approach.
Regarding the expression of CCL2 by astrocytes in situ, these cells also manifested a vivid LPS induction in WT littermates-with no constitutive level of CCL2 RNA being detectable in these animals (Fig. 6) . And analogously to what was seen with BMEC in situ in endothelial KO mice, astrocytes from astrocyte KO mice exhibited a scarcely discernable CCL2 RNA level even following LPS injection. Remarkably, however, astrocytes from endothelial KO mice also failed to show induction of CCL2 RNA, displaying a level that was just minimally measurable in response to LPS. This scenario differs significantly from that observed in culture where, as expected, astrocytes from both WT and endothelial KO mice expressed equally high levels of CCL2 as a result of LPS stimulation, and only astrocytes from astrocyte KO mice showed a null CCL2 phenotype. In light of these surprising results, we examined whether other brain responses to LPS stimulation were differentially affected in the KO mice. Specifically, induced expression of E-selectin and P-selectin was evaluated, as both these adhesion molecules have been shown to be upregulated in the brain following peripheral LPS administration and to mediate early inflammatory sequelae (Piccio et al. 2002) . Figure 7 indicates that astrocyte KO mice, endothelial KO mice, and the corresponding WT littermates vigorously responded to LPS injection by upregulating brain E-selectin and P-selectin expression. Thus, endothelial KO mice did not show a peculiar global insensitivity to LPS. (WT) littermates, were injected with LPS (i.p., 4 mg/kg). After 4 h, brain tissue was subject to immuno-LCM to selectively retrieve BMEC (top) or astrocytes (bottom). RNA was isolated from the respective astrocyte and BMEC samples and subjected to qRT-PCR to quantify relative CCL2 levels. For BMEC, CCL2 mRNA level was expressed relative to either the housekeeping gene RPL19 (left) or the endothelial marker CD31 (right). For astrocytes, CCL2 mRNA levels were normalized to either RPL19 (left) or the astrocyte marker GFAP (right)
Discussion
To the best of our knowledge, these results offer the first description of cell-targeted chemokine knockout mice. Specifically, evidence from cell culture experiments was presented showing targeted CCL2 gene elimination in vivo to astrocytes or endothelial cells, two cell types critical in the pathogenesis and elaboration of a host of neuroinflammatory conditions. And both cell culture and in vivo studies further showed that astrocytes from astrocyte KO mice and BMEC from endothelial KO mice were unable to upregulate the expression of CCL2 following an inflammatory challenge with LPS-a reflection of these cells manifesting a null CCL2 phenotype.
That cultured astrocytes from astrocyte KO, but not BMEC from the contralateral cerebral cortex of these animals, showed CCL2 gene excision and a null CCL2 phenotype unequivocally demonstrated that the approach for targeting deletion of the CCL2 gene to astrocytes was both effective and specific. And this was equally the case with endothelial targeting, as cultured BMEC from endothelial KO mice, but not astrocytes derived from these same animals, exhibited effects of CCL2 gene deletion. Inasmuch as the culturing process was likely to have culled astrocytes and BMEC from various populations and regions throughout the cortical mantle, these results importantly underscore that most, if not all, variants of these two cell types, both of which display considerable functional heterogeneity (Bachoo et al. 2004; Ge et al. 2005; Lee et al. 2006; Bechmann et al. 2007; Kipp et al. 2008) , suffered successful elimination of the CCL2 gene.
LPS injection of WT animals resulted in stimulated expression of CCL2 by both astrocytes and BMEC, in accord with previous reports (Thibeault et al. 2001; Sun et al. 2008) . However, our observations that astrocytes in situ from endothelial KO mice showed only minimal CCL2 expression following LPS injection was surprising, as these cells in culture did not display the CCL2 gene deletion band and exhibited a robust CCL2 response on par with astrocytes cultured from their WT littermates. That endothelial KO mice might have suffered a unique, widespread lack of CNS responsiveness to LPS is an unlikely scenario, as astrocyte KO, endothelial KO, and WT mice all displayed similar E-selectin and P-selectin induction in the brain following LPS injection. Another possible explanation may lie in the significant cross-talk between astrocytes
Figure 7 E-selectin and P-selectin expression in response to LPS. Following LPS injection of CCL2 loxP/loxP / GFAP-Cre (astrocyte KO), CCL2 loxP/loxP /Tie2-Cre (endothelial KO), and CCL2 loxP/loxP (WT) littermate mice (as described in Fig. 6 ), brain tissue was frozen and cut at 7 µm. Individual brain sections ("tissue scrapes") representing each of these groups was then subject to TRIzol®-mediated RNA extraction/isolation and qRT-PCR analysis for E-selectin and P-selectin mRNA and BMEC in vivo (Abbott 2000; Prat et al. 2001; Pachter et al. 2003; Jovanova-Nesic and Shoenfeld 2007; Choi and Kim 2008) and the prospect that CCL2 might function as a mediator in this interchange. Recent evidence that global deletion of the CCL2 gene causes diminished expression of several chemokines in the brain following acute LPS endotoxemia (Thompson et al. 2008 ) is consistent with our results and a role for CCL2 in relaying proinflammatory signals in the CNS-possibly from BMEC to astrocytes. And further supporting CCL2 acting such a relay are reports from this and other laboratories that astrocytes are functionally responsive to CCL2 stimulation (Heesen et al. 1996; Andjelkovic et al. 2002; Zuurman et al. 2003; Ge and Pachter 2004) . Related to this issue, another factor in our findings may be the route of LPS administration. LPS delivered by i.p. injection arguably reaches the BMEC first, before having any opportunity to interact with the parenchyma. At relatively early times after such delivery (e.g., at 4 h post i.p injection), LPS might only directly access the BMEC-any outright contact with astrocytes being largely restricted due to an initially intact BBB (Singh and Jiang 2004) . Because the Toll-like receptor (TLR) 4 receptor for LPS is expressed by BMEC (Singh and Jiang 2004; Zhou et al. 2006) , LPS-stimulated release of CCL2 from BMEC might serve as the primary or exclusive conduit to induce CCL2 expression by astrocytes soon after i.p. injection. However, this situation might change at later times, if and when the BBB becomes sufficiently disrupted (Xaio et al. 2001) to allow circulating LPS to enter the parenchyma and directly stimulate TLR4-bearing astrocytes (KrasnowskaZoladek et al. 2007 ) to express CCL2 (Hayashi et al. 1995; Carpentier et al. 2005) . One might expect that, in this case, astrocytes obtained by LCM in situ from endothelial KO mice would show elevated expression of CCL2 following i.p. LPS injection-and not the reduced expression seen in this study at an early time-point. This possibility needs to be explored further.
Ongoing studies in this laboratory have indicated that these conditional KO mice will be highly useful in resolving pathogenic mechanisms. Specifically, both astrocyte and endothelial KO mice were observed to be resistant to EAE induced by active immunization with myelin oligodendrocyte glycoprotein-yet each line showed a different disease phenotype at the clinical and histological level (manuscript in preparation). Implicit in these findings are that cell-targeted deletion of CCL2 interfered with separate, critical steps in disease pathogenesis.
These cell-conditional CCL2 KO lines will thus provide essential tools for elaborating where, how, and when CCL2 executes its function in the CNS during disease. With regard specifically where, excluding CNS expression of CCL2 from selective domains will clarify the sources of this chemokine that feature critically in pathogenesis. For example, despite evidence from adoptive T cell transfer and bone marrow chimera studies that CCL2 originatingsomewhere-within the CNS regulates murine EAE (Huang et al. 2001; Elhofy et al. 2005 ), the precise pathogenic origins of the chemokine remain unidentified. Systematic elimination of CCL2 from defined CNS sites, as provided by these and future cell-targeted animals, will help resolve this issue.
Concerning the how and when of CCL2 function in the CNS, systematic elimination of defined CCL2 pools will assist in mapping the course of CCL2 distribution throughout disease and, thereby, illuminate this chemokine's fate and mechanism of action. As a case in point, immunohistochemical localization of CCL2 protein in both astrocytes and BMEC during EAE does not allow for resolution as to whether this chemokine originates from the former and passes to the latter, as would occur if CCL2 liberated from astrocyte foot processes was taken up and trancytosed by BMEC (Ge et al. 2008) . Clearly, by removing one confounding source of CCL2 at a time, comparative immunohistochemical analysis of WT with astrocyte KO and endothelial KO mice would aid in resolving this matter. Carrying out such analysis over time would further enable the change in CCL2 distribution pattern to be correlated with various stages of diseaseproviding a window on the means by which both CCL2 and leukocytes communicate and the progression of neuroinflammation is orchestrated.
Besides offering insight into the pathogenic mechanisms of CCL2 during neuroinflammatory disease, studies with astrocyte KO and endothelial KO mice will provide information vital for the optimal design of anti-CCL2 drugs that target CCL2 signaling during neuroinflammation (Hamann et al. 2008; Infante-Duarte et al. 2008; Kalinowska and Losy 2008) . Should sequestration of CCL2 by glycosaminoglycans (GAGs) in the subendothelial matrix critically regulate CNS leukocyte accumulation, as is the case in the kidney (Celie et al. 2007) , then it would be required that any anti-CCL2 therapeutic effectively breach the BBB in order to disrupt CCL2 signaling. Confined by GAGs to the perivascular domain, CCL2 could stimulate the disruption of the BBB's junctional integrity upon binding to the abluminal microvascular surface (Song and Pachter 2004; Song et al. 2007 ) and/or establish a haptotactic gradient for directed leukocyte migration (Prieschl et al. 1995; Quandt and Dorovini-Zis 2004) , as a means of promoting neuroinflammation. Such a scenario is conceivable if the main pathogenic source of CCL2 is that pool released from astrocyte foot processes, which are intimately associated with the GAG-containing basement membrane complexes surrounding brain microvessels (Sixt et al. 2001; van Horssen et al. 2005) . The astrocyte KO mice would assist in illuminating this possibility.
On the other hand, another mode of action of CCL2 might be its presentation on the luminal endothelial surface, embedded within the GAG-rich glycocalyx, wherein it could stimulate firm leukocyte adhesion as a prelude to diapedesis. Indeed, both in vitro and in vivo studies support such an "arrest" function for CCL2 (Gerszten et al. 1999; dos Santos et al. 2005) . While there may be no need for an anti-CCL2 therapeutic to cross the BBB in this situation, another consideration might be the need to overcome the significant interactions between CCL2 and the luminal GAGs (Lau et al. 2004) . In fact, disruption of these interactions has recently been shown to be critical for reducing clinical EAE disease (Handel et al. 2008) , underscoring their role as a legitimate target in neuroinflammation. As the expression and luminal release of CCL2 by BMEC could potentially set up such CCL2/GAG interactions, as well as could endothelial transcytosis of CCL2 derived from astrocytes (Ge et al. 2008) , both endothelial KO and astrocyte KO mice would be instrumental in clarifying this prospect.
Endothelial KO and astrocyte KO mice will thus afford significant opportunity to dissect the pathway(s) by which CCL2, released from within CNS sites, leads to accumulation of mononuclear leukocytes in the parenchyma and, ultimately, to neuroinflammatory disease. In turn, this will highlight means by which to best target anti-CCL2-based therapeutics to those sites critical to disease pathogenesis. And as multifocal release of CCL2 by astrocytic, endothelial, and/or other cell types may direct the incidence and progression of a host of diseases-both in and outside the CNS (Dawson et al. 2003; Zernecke and Weber 2005; Schober 2008 )-these cell-conditional KO lines are anticipated to be broadly utilitarian for investigating physiological and pathophysiological processes.
